Acute depletion of brain tryptophan (TRP) levels in humans has been used as a biochemical model of depression. In this study, we examined the effects of consumption of a diet low in TRP on emotional behavior in mice. Specifically, we assessed various parame ters of emotional behavior in mice fed a TRP-limited diet for at least 1 mo. TRP-limited mice showed increased defensive, but not offensive, aggression in the resident-intruder test. In the social dominance tube test, these mice showed enhanced social dominance. Since defensive aggression is thought to be a reflection of not only aggression but also fear, these changes in the social behavior of TRP-limited mice are thought to reflect changes in their emotional status. TRP-limited mice also showed increased locomotor activity and mobility in the open field and forced swim tests, respectively, suggesting that their stress/emotional responsive ness was enhanced. Importantly, these mice displayed normal levels of anxiety and motor performance as determined by the elevated zero maze and open field tests, and the rotarod test, respectively, suggesting that their hyperactivity was not due to a reduction in anxiety levels or to enhancement of their motor performance. Thus, dietary TRP restriction appears to result in alterations in the emotional response to stress, in mice.
Serotonin (5-HT) has been shown to play an impor tant role in the regulation of emotions, including anxi ety and aggression (1) (2) (3) (4) (5) . Reduced brain levels of 5-HT induced by a lesion in the dorsal raphe containing cell bodies of serotonergic neurons reportedly led to increased aggression in rodents (6) (7) (8) . Furthermore, abundant evidence suggests that brain serotonergic systems are involved in mediating anxiety and possibly depression (2) (3) (4) (5) (9) (10) (11) (12) (13) (14) .
5-HT is synthesized from the essential amino acid L tryptophan (TRP) by a two-step enzymatic reaction that involves the generation of 5-hydroxytryptophan as an intermediate (15, 16) . In the first step, TRP is catalyzed by the rate-limiting enzyme tryptophan hydroxylase, the activity of which is normally limited by the avail ability of TRP (17) . Thus, brain levels of TRP correlate closely with 5-HT levels. More importantly, brain and plasma 5-HT levels are directly influenced by dietary TRP intake (18) (19) (20) (21) ; thus, dietary TRP likely influences behaviors that are regulated by 5-HT neurons.
Previous studies demonstrated that modulation of either TRP or 5-HT levels leads to similar changes in emotional behavior (6-8, 16, 22-34) . In humans, acute TRP depletion induced by the ingestion of a bal anced amino acid mixture that lacked TRP lead to an increase in aggression and lowering of mood (22-24, 33, 34) . This model of acute TRP depletion has been accepted as a biochemical model of depression (33, 34) . Furthermore, rodents that had their dorsal raphe lesioned and those that were injected with serotonergic antagonists exhibited increased levels of aggression (6 8, 25, 35, 36) . TRP depletion also increased mouse-kill ing behavior and shock-induced aggression in rats (26, (29) (30) (31) (32) . These studies strongly support the contention that dietary modulation of TRP might affect emotional behavior in mammals.
In light of the above data, it is important to investi gate the effects of a chronic reduction in the dietary intake of TRP on anxiety and aggression. Accordingly, in this report, we examined the emotional behavior of mice fed a TRP-limited diet. Specifically we used the open field and elevated zero maze tests in order to assess the anxiety levels of mice, and also subjected them to resident-intruder and social dominance tube tests in order to evaluate their aggressiveness and social behav ior, respectively.
MATERIALS AND METHODS
Animals. All experiments were conducted in accor dance with the rules outlined in the Guide for the Care and Use of Laboratory Animals, Japan Neuroscience Society. Male C57BL/6N mice (Charles River, Kana gawa, Japan) were housed individually in cages in a * Corresponding Author . E-mail: kida@nodai.ac.jp Table 1 .
Composition of diets.
room that was kept on a 12h light/dark cycle. This genetic background was used in studies investigating emotional behavior (12, (37) (38) (39) (40) . Mice were at least 12wk of age until they were subjected to the behavioral tests described below, and all tests were carried out dur ing the light phase. All experiments were conducted in a blinded fashion. Limitation of TRP intake. Male mice (8wk of age) were fed an L-TRP-limited diet (TRP-limited diet) for at least 4wk, through their completion of the behavioral experiments. The composition of the experimental diet was based on the previous studies investigating the effects of the limitation of TRP intake (41) (42) (43) (44) . The min eral mixture and vitamin mixture was composed according to AIN-93-VX or AIN-93G-MX, respectively (45) . Both the TRP-limited and control diets were freshly prepared weekly. The composition of the diets and their final TRP levels are tabulated in Table 1 . Importantly, a previous study has shown that more decrease in TRP-intake leads to more abnormal change in not only 5-HT but also other neurotransmitters (46) . Mice were allowed free access to either TRP-limited or control chow, as well as water.
Behavioral procedures
Resident-intruder test: To assess offensive aggression, resident mice were individually housed for 4wk prior to the introduction of a wild-type male intruder mouse, the latter of which was previously housed in a group of five animals. To assess defensive aggression, mice that had previously played the role of resident animal became the intruder; a different group of wild type mice that had been individually housed for 4wk, were used as the residents. Each resident mouse was paired with the same intruder mouse for 5 min for 3 consecutive days. The latency to first attack bite (attack latency) and the total number of attacks by the test mice were mea sured. Animal behavior was recorded using a video camera.
Social dominance tube test: To measure subordinate and territorial behavior such as competing responses to another mouse, the social dominance of TRP-limited and control mice was tested as previously described (47-49), using an acrylic tube (30cm long and 3.5cm Statistics. All values are expressed as the mean+SE. Data were analyzed using an analysis of variance (ANOVA) and a single-factor ANOVA and post hoc com parisons were used to analyze differences between groups for the behavioral tests and TRP content mea surement studies.
RESULTS
Effect of chronic restriction of dietary tryptophan on body weight gain Figure 1 shows the body weight gain of TRP-limited and control mice. Male adult mice (8wk of age) were fed a TRP-limited diet. A previous report using juvenile rodents showed that depletion of TRP from diet and sim ilar restriction of TRP intake with this study led to a severe or mild impairment of body weight gain, respec tively (30, 41) . In contrast, the limitation of TRP intake for more than 2wk did not affect the body weight gain of adult mice (Fig, 1) . These results indicate that feeding adult mice a TRP-limited diet under our experimental conditions does not affect body weight gain. Resident-intruder test TRP-limited resident mice showed comparable offen sive aggression, as assessed by their number of attacks and attack latency, compared to control resident mice ( Figs. 2A and B) . Regarding the results of their defensive aggression test, both TRP-limited intruder, and control intruder mice showed similar results after their first trial (Figs. 2C and D) . However, TRP-limited intruder mice showed significantly reduced attack latency from control intruder mice on the trials that were carried out on days 2 and 3 ( Fig. 2C: the winner (Fig. 3; p<0 .05), suggesting that they were more dominant than control mice, and further imply ing that TRP suppression affects social dominance as well as defensive aggressive behavior. Open field test TRP-limited mice exhibited significantly longer path lengths in the open field tests compared to control mice ( Fig. 4A; p<0 .05). They also displayed more episodes of rearing than control mice, though this difference was not statistically significant ( Fig. 4B; p=0.08) . These results suggest that TRP-limited mice exhibited increased locomotor activity. On the other hand, both TRP-limited and control mice spent a comparable amount of time in the center of the field (Fig. 4C; p=0.16), leading to the conclusion that the increased locomotor activity in TRP-limited mice was not due to decreased anxiety. Elevated zero maze test TRP-limited mice spent a similar amount of time in the open section in this test, compared to control mice ( Fig. 5A ; p=0.51) and exhibited a comparable number of entries into the open section ( Fig. 5B; p=0.29) . These results suggest that chronic restriction of TRP intake did not affect anxiety levels in our animals. Forced swim test TRP-limited mice displayed significantly less immo bility than control mice in this test ( Fig. 6; p<0.05 ). These findings were consistent with our demonstration of higher locomotor activity in TRP-limited mice in the open field test. These results suggest that TRP intake limitation adversely affected the stress response in our animals.
Rotarod test
The results of the open field and forced swim tests suggested that limiting TRP intake leads to enhanced motor performance. To further investigate this possibil ity, we subjected mice to the accelerating rotarod test. Our results showed that TRP-limited and control mice displayed comparable degrees of motor performance ( Fig. 7 ; day 1, p=0.91; day 2, p=0.34; day 3, p=0.96), suggesting that limitation of TRP intake did not lead to facilitation of motor coordination. Thus, the hyperactiv ity seen in TRP-limited mice in the open field and forced swim tests was not likely to have been due to increased motor performance.
DISCUSSION
Previous studies have shown that reduced TRP intake leads to lower brain TRP and 5-HT levels in mice (19) (20) (21) , suggesting that the behavioral changes that we found in these animals might have been due to alter ations in their brain 5-HT levels caused by the restric tion of TRP-intake.
In humans, acute reductions in TRP induced by the ingestion of a TRP-free amino acid mixture significantly increased aggression (22, 24) . In rodents, feeding TRP -free diets increased shock-induced aggression and mouse-killing behavior (26, (29) (30) (31) (32) . In our study, mice that were fed a diet low in TRP for 1mo also displayed increased aggression (Fig.  2) tion of a diet with markedly reduced TRP may lead to alterations in the ability to respond to the stress induced by exposure to an inescapable, dangerous situation. Mutant mice that lack the 5-HT5A receptor report edly exhibited increased locomotor activity without any change in their anxiety-related behavior (40) . Further more, mice that lack the 5-HT1A receptor were shown to exhibit increased mobility in the forced swim test (57) . These observations raise the possibility that the increase in locomotor activity seen in TRP-limited mice was due to reduced signal transduction through 5 -HT5A and 5-HT1A receptors. However, 5-HT1A recep tor knockout mice displayed increased anxiety in the open field and elevated plus maze tests (11, 12) . Fur thermore, surprisingly, mutant mice that lack the 5 -HT1B receptor exhibited reduced anxiety in these tests (11) , suggesting that the phenotypes that regulate emo tional behavior in 5-HT1B receptor mutant mice are opposite with those in 5-HT1A receptor mutant mice. Since previous reports have clearly indicated that the different 5-HT receptors have unique distribution pat terns in the brain (58, 59) , more work will need to be done before we are able to sort out the serotonergic mechanisms that are involved in the regulation of emo tional status. In summary, chronic dietary TRP restriction lead to the expression of abnormal emotional behavior, i.e., increased defensive aggression and an alteration in the stress response to a dangerous, inescapable situation. These results suggest that moderate intake of TRP is necessary in order to maintain normal emotional status in mammals.
